The outdoor culturing of green algae is monitored with a dual-channel spectroradiometer. The measured reflectance provides information regarding growth rate and light usage, demonstrating potential to meet the monitoring needs for algal biofuel production.
Introduction
The assessment of algal biomass growth and production in open fluidically mixed ponds typically requires the physical extraction and transport of culture samples for subsequent laboratory analysis. While meeting many R&D needs, sampling-based approaches are often prohibitive for tracking the rapid changes that can occur in large-scale algal-biofuel production facilities. We are developing hyperspectral spectroradiometric monitoring technology to provide autonomous, real-time, stand-off measurement of the rate (mg/m 3 -s) and stage (e.g., exponential versus stationary) of algal growth. Spectroradiometric monitoring could provide continuous measurement of the algal biomass and light utilization by the culture at a measurement frequency (>10 measurements/hour), a frequency that is incompatible with physical sampling. Continuous monitoring could allow for early detection of changes (e.g., predation and flocculation) necessary for mitigation strategies to be implemented. Also, the diffuse attenuation coefficient κ (cm -1 ) of the culture -the sum of the absorption and backscattering coefficients a and b b (cm -1 ), respectively -is directly assessed via spectroradiometric monitoring. The value of κ is a critical factor in predictive models of algal culture productivity [1] , and would be useful for the validation of such models.
Measurements and Model
The dual-channel Ocean Optics Jaz dual-channel fiber-coupled spectroradiometer has been previously described by Reichardt et al. [2] . The downward-pointing bare fiber is positioned over a 20-cm deep culture of green algae ( Fig.  1 ) grown in a 137-m 2 lined Oswald [3] pond circulated at ~15-20 cm/s by a paddlewheel. The spectroradiometer instrument is housed inside a refrigerated enclosure, and measurements ( Fig. 2) are acquired every 5 min. Our previously reported assessment of spectroradiometric monitoring [2] focused on shallow (<3-cm deep) laboratory-scale cultures, using a reflectance model [4] that included the bottom surface reflection. For these outdoor mixed ponds the bottom surface reflection is a much less significant factor. Our current analysis implements the recent model of Lee et al. [5] , which does not include the bottom surface reflectance, but which does account for the variation of angular effects with u, where u = b b /(a+b b ). The upwelling radiance sensor is pointed straight downward and, while we analyze data for solar zenith angles as large as 60 o , we use the expansion coefficients Lee et al. [5] derived for the sun being directly overhead, and consider the molecular scattering negligible, so the reflectance R rs (sr -1 ) is expressed as (0.0402+0.1310u)•u. In our calculation of u, a is assumed to be proportional to the absorbance spectrum of the green algae Scenedesmus dimorphus, and b b is assumed to be spectrally constant over the fitting range (660-1000 nm). Additional reflectance terms are required to account for water surface glint and chlorophyll fluorescence [2] . We also include a spectrally constant scaling factor to account for shadows, variable clouds, and potential sensor fouling. These wavelength-independent factors are adjusted via MATLAB's fminsearch function to best fit the counts acquired from the upwelling radiance detector (Fig. 2) .
Results and Discussion
The results of fitting 19 days of culturing a green alga similar to Scenedesmus are displayed in Fig. 3 . There is an excellent correlation between algal cell backscatter and independent measurements of algal biomass obtained by dry cell weight, with the large decreases in biomass originating from algal harvest activity. The pigment absorbance also tracks the general trend of algal biomass, but reveals interesting deviations -specifically during Days 5-7 past inoculation -potentially indicative of transitions in the algal growth stage. Future efforts will be focused on applying this monitoring approach to other algal species as well as to evaluating the potential causes and implications of the diurnal cycling evident in the fitting results. 
